Abstract The purpose of this study was to assess whether antidepressant prescribing during pregnancy decreased following release of U.S. and Canadian public health advisory warnings about the risk of perinatal complications with antidepressants. We analyzed data from 228,876 singleton pregnancies among women (aged 15-44 years) continuously enrolled in Tennessee Medicaid with full pharmacy benefits (1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007). , antidepressant prescribing decreased by 1.48 (95 % CI 1.62-1.35) prescriptions per 1,000 women per month. These trends were observed for both selective serotonin reuptake inhibitors (SSRI) and non-SSRI antidepressants, although SSRI prescribing decreased at a greater rate. We conclude that antidepressant prescribing to pregnant women in Tennessee Medicaid increased from 1995 to late 2004. U.S. and Canadian public health advisories about antidepressant-associated perinatal complications were associated with steady decreases in antidepressant prescribing from late 2004 until the end of the study period, suggesting that the advisory warnings were impactful on antidepressant prescribing in pregnancy.
Introduction
Antidepressants are widely prescribed for major depression and other psychiatric disorders that commonly occur in women of reproductive age (Andrade et al. 2008; Ramos et al. 2007; Ververs et al. 2006) . They are considered the primary treatment, or important adjuncts, for moderate to severe depression (Bauer et al. 2002; Davidson 2010; Lam et al. 2009 ) and other indications (Canadian Psychiatric Association 2006; Ipser and Stein 2012; Kroenke et al. 2009 ), although their effectiveness and safety in the context of pregnancy have been seldom studied (Yonkers et al. 2009 ). In pregnant women with depression, antidepressants have been shown to reduce depressive symptoms and improve maternal functioning (Wisner et al. 2009a) , while antidepressant discontinuation has been associated with increased risk of antenatal depressive relapses in some (Cohen et al. 2006) but not all studies (Yonkers et al. 2011) .
For several years, selective serotonin reuptake inhibitors (SSRIs), the most commonly prescribed antidepressants (Olfson and Marcus 2009) , were regarded as safe for use in pregnancy (Koren and Nordeng 2012) . This perception may have changed beginning in late 2004 following the release of public health advisory warnings about the risk of perinatal complications with SSRIs and other antidepressants by the U.S. Food and Drug Administration (FDA) in June 2004 (U.S. Food and Drug Authority 2004) , and by Health Canada 2 months later (Health Canada 2004) . These warnings were prompted by increasing reports of adverse neonatal outcomes associated with maternal antidepressant use including potential risk for cardiovascular malformations (Wurst et al. 2010) . Results of antidepressant reproductive safety studies, however, have been inconclusive or conflicting Hemels et al. 2005; Koren and Nordeng 2012) , and many adverse neonatal outcomes associated with fetal antidepressant exposure have also been linked with untreated gestational depression (Bonari et al. 2004; Wisner et al. 2009b) , causing uncertainty about the risks versus benefits of antidepressant use in pregnancy (Kuehn 2009 ).
Neither regulatory warning advised against the use of antidepressants or recommended antidepressant discontinuation during pregnancy, but they received wide media coverage , and could have made practitioners more hesitant to prescribe antidepressants to pregnant women (Bilszta et al. 2011) . However, the impact of these regulatory actions on antidepressant prescribing in pregnant women is relatively unknown. To address this knowledge gap, we utilized data from a recently completed cohort study of antidepressants and the risk of adverse neonatal outcomes (Hayes et al. 2012 ) to assess whether antidepressant prescribing decreased among pregnant women after the release of the U.S. and Canadian advisory warnings in late 2004.
Methods

Setting and population
This study utilized data from a recent cohort study of antidepressants and the risk of adverse neonatal outcomes using data from Tennessee Medicaid (Hayes et al. 2012) , an expanded version of the joint federal-state Medicaid program that finances medical care for qualifying low-income persons. The computerized Medicaid files included an enrollment file, as well as files recording prescriptions filled at pharmacies, hospital admissions, outpatient visits, and long-term care residence. Medicaid files were linked with birth certificate data, which included information on sociodemographic (maternal age, race/ethnicity, education), medical (parity, maternal smoking status), and reproductive factors [infant sex and birth weight, date of maternal last menstrual period (LMP)].
Linkages between these data sources permitted the identification of 228,876 singleton pregnancies among women enrolled in the Tennessee Medicaid program from 1995 to 2007. Eligible women were 15-44 years of age on the date of delivery, and had 180 days of continuous Medicaid enrollment, with pharmacy benefits, prior to their LMP through 90 days after delivery. Brief administrative gaps in enrollment of 45 days or less were allowed.
The first day of pregnancy was defined as the date of the maternal LMP. The LMP listed on the birth certificate was used to define the start of pregnancy and to estimate gestational dates for 85.3 % of cohort members. When the LMP was not available from birth certificates, the LMP was set to the median gestational age for infants of the same birth year, birthweight and race, or was assigned based on a gestational period of 273 days. Approval for this study was granted by the Institutional Review Boards of Vanderbilt University and the Tennessee Department of Health.
Measures
The primary outcome was maternal filling of antidepressant prescriptions, determined from Medicaid pharmacy files, which we used to estimate antidepressant prescribing. Pharmacy files included the medication name, prescription fill date, quantity dispensed, and number of days for which the medication was supplied. The days of supply and quantity dispensed were used to estimate the days of exposure represented by a prescription. Filled prescriptions of antidepressant medications (Supplemental Table 1 ), which allow a maximum of 30 days of supply, were counted for the 180 days prior to LMP through the date of delivery, and were classified as SSRIs, serotonin-norepinephrine re-uptake inhibitors (SNRIs), tricyclic antidepressants (TCAs), or other antidepressants, based on their pharmacological activity (Lanni et al. 2009 ).
Antidepressant prescribing during pregnancy was defined as the filling of any antidepressant prescription between the LMP and date of delivery. Two or more antidepressant prescriptions occurring on the same date were counted as a single antidepressant prescription if the drugs were identical, or were from the same class. For example, two prescriptions for fluoxetine or two different SSRIs occurring on the same date were counted as a single prescription. Prescriptions that occurred on different dates, or occurred on the same date but involved agents from differing drug classes, were counted separately.
Maternal diagnoses were identified in electronic records of medical care encounters using International Classification of Diseases, 9th Revision (ICD-9) diagnosis codes associated with any inpatient or outpatient claim during the time window beginning 180 days prior to LMP and ending on the LMP date. These included diagnosis codes consistent with a unipolar depressive disorder (ICD-9 296.2, 296.3, 300.4, or 311), a bipolar spectrum disorder, any anxiety or substance use disorder, and common or severe maternal medical conditions. The latter included asthma, chronic obstructive pulmonary disease, chronic cardiac disease, diabetes mellitus, immunodeficiency, renal disease, and malignancy.
Statistical analysis
Maternal clinical and demographic characteristics were presented as number (percentage) and median (inter-quartile range), as appropriate. To examine prescribing trends over the entire study period (January 1, 1995-December 31, 2006), we calculated the rate of antidepressant prescribing for each birth year, defined as the number of antidepressant prescriptions per 1,000 pregnant women.
We used interrupted time series analysis to examine the association between release of the U. We calculated antidepressant prescribing rates for each study month, defined as the total number of prescriptions during that month per 1,000 pregnant women. This unit of measure was chosen because cohort members could fill an antidepressant prescription at any time between their estimated LMP date and date of delivery, and multiple dispensings from a single prescription were unlikely given that Tennessee Medicaid allowed a maximum of 30 days of supply for a prescription fill. Prescriptions for women who contributed at least 15 days of her pregnancy time in a particular month were counted for that month. Segmented linear regression models were used to estimate antidepressant prescribing rates and 95 % confidence intervals (CIs), and compare linear trends in the prevalence of antidepressant prescribing during pre-and post-warning periods. The regression models estimated the rate of antidepressant prescribing at the beginning of the preand post-warning segments (intercept) and rates of change in antidepressant prescribing (slope) in each segment. Changes in intercept for the post-warning segment indicated rapid emergence of an association between the regulatory pregnancy warnings and rates of antidepressant prescribing. Changes in slope during the post-warning segment, as compared with the pre-warning segment, indicated a change in antidepressant prescribing trend (accounting for both the direction and rate of change) associated with regulatory pregnancy warning issuance. The regression models included a term for the effect of the FDA pregnancy warning, and adjusted for linear trends in antidepressant prescribing during the pre-and post-warning periods. We corrected the models for the serially autocorrelated nature of the observations (Shadish et al. 2002) that is, the tendency for prescribing patterns at closer time points to be more similar than those occurring further apart that, if uncorrected, can lead to overestimation of intervention effects (Wagner et al. 2002) . We also presented the monthly antidepressant prescribing rates graphically. Smoothed lines were drawn over time using a locally weighted polynomial regression to smooth the data (Becker et al. 1988; Cleveland 1979 Cleveland , 1981 .
In late Fig. 1 ). Although these warnings did not address any issues related to pregnancy, they also received extensive media coverage and could have influenced antidepressant use in our cohort (Huybrechts et al. 2013 ). Thus, a sensitivity analysis was conducted in order to model the effect of both regulatory warnings (regarding perinatal risks and suicidal behavior) using an expanded transition period (January 1, 2004 to October 31, 2004 . Additional analyses stratified by age were also conducted to examine prescribing changes in non-pediatric age groups (e.g., patients aged 18-24 years and those aged 25 years and older) that were not targeted by the suicide warnings. The upper bound of the 18-24 year old stratum corresponds to the World Health Organization definition of youth (World Health Organization 1989) .
All analyses were performed using SAS (version 9.1; SAS Institute Inc., Cary, NC) and R (version 2.11.1; www.r-project.org) statistical software. A two-sided 5 % significance level was used for all statistical inferences.
Results
Cohort demography and clinical characteristics
The majority of cohort members were young, Caucasian or African-American, unmarried, urban-or suburban-dwelling women who had a high school or lower level of education (Table 1) . Approximately 6 % (n =16,896) of cohort members filled at least one prescription for an antidepressant during pregnancy in the study period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , and were considered antidepressant users. Antidepressant users tended to be predominantly Caucasian, with higher proportions of married persons, rural residence, smoking during pregnancy, substance abuse diagnoses, and general medical comorbidity. The predominant maternal psychiatric diagnoses among antidepressant users were unipolar depressive and anxiety disorders, while nearly 7 % of antidepressant users had a bipolar spectrum disorder diagnosis (Bipolar I or II Disorder; or Bipolar Disorder, Not Otherwise Specified). Characteristics of the antidepressant users (n =8,561) for the interrupted time series analysis (2002) (2003) (2004) (2005) did not differ significantly from antidepressant users from the entire study period (1995-2007; Table 1 ). As such, the restricted antidepressant user cohort for time series analysis was considered representative of the broader group of antidepressant users. Antidepressant prescribing, 1995 Antidepressant prescribing, -2007 Prescribing rates for antidepressants in general, and SSRIs in particular, increased steadily between 1995 and 2001, followed by sharper increases between 2002 and late 2004 (Fig. 1) . From 2004 onward, a reversal of this trend was observed (Table 2) , the onset of which occurred in very close proximity to issuance of the FDA pregnancy warning. These general trends were observed for SSRIs and most non-SSRI antidepressants (Table 2) , although the magnitude observed changes were most pronounced for SSRIs. TCA prescribing initially eclipsed SSRI prescribing in 1995, but steadily decreased throughout the study period ( Table 2) .
Effect of the U.S. FDA pregnancy warning on antidepressant prescribing, [2002] [2003] [2004] [2005] Antidepressant prescribing increased steadily during the prewarning period, followed by a sharp decrease in the postwarning period (Fig. 2a) . Overall antidepressant prescribing prevalence was 34.51 prescriptions (95 % CI 33.37-35.65) per 1,000 women at the beginning of the pre-warning period, Fig. 1 Antidepressant prescribing rates during pregnancy (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . The dates of FDA (blue dashed line) and Health Canada (green dashed line) pregnancy warnings are also shown. Smoothed lines were drawn for antidepressant prescribing rates over time using a locally weighted polynomial regression to smooth the data and increased at a rate of 0.46 prescriptions per 1,000 women per month until the end of the pre-warning period (Table 3) . The FDA pregnancy warning was associated with a significant slope change (−1.02, 95 % CI −1.5, −0.5) representing a change in prescribing trend. During the post-warning period, overall antidepressant prescribing rate decreased by 1.48 prescriptions per 1,000 women per month. These trends were observed for both SSRI and non-SSRI antidepressants, although SSRI prescribing decreased at a greater rate than non-SSRI prescribing (Table 3) .
We estimated the immediate early effect of the FDA pregnancy warning on antidepressant prescribing by estimating the difference in prescribing rates with or without the FDA warning in October 2004, the first post-warning month, assuming that the FDA warning was the only factor influencing the change in prescribing pattern at that time point. There was a significant immediate effect of the FDA pregnancy warning on both overall antidepressant and SSRI prescribing ( Table 3 ), suggesting that the pregnancy warning was associated with reduced antidepressant prescribing in general, and SSRI prescribing in particular, early in the post-warning period. Figure 2b shows results of the interrupted time series analysis that estimated the combined effect of U.S. and Canadian pregnancy and suicide warnings using an expanded transition period (January 1, 2004 to October 31, 2004 . Patterns of prewarning increases and post-warning declines were nearly identical to those observed in the primary analysis for overall antidepressant, SSRI and non-SSRI prescribing (Table 4) . Post-warning declines were also similar in magnitude to those observed in the main analysis (Table 4) .
Sensitivity analyses
Age-stratified analyses also showed similar pre-warning increases and post-warning declines in overall antidepressant, SSRI, and non-SSRI prescribing for cohort members aged >24 years and those between the ages of 18 and 24 years (Supplemental Table 2 ). Antidepressant prescribing rates were very low for pediatric cohort members (<18 years old; Supplemental Table 2 ). In this subgroup, there were only minor increases in antidepressant prescribing during both the a Represents the total number of prescriptions during pregnancy per 1,000 women who gave birth in a given study year pre-and post-warning periods, and monthly changes in antidepressant prescribing rates were not statistically significant (Supplemental Table 2 ).
Discussion
In this large cohort of pregnant women, antidepressant prescribing increased between 1995 and early 2004, followed by sharp declines after the release of U.S. and Canadian public health advisory warnings about antidepressant-associated risk of perinatal complications. Expanding the transition period to include suicide risk warnings that appeared in close proximity with the pregnancy warnings did not change the pre-or post-warning antidepressant prescribing trends. Antidepressant prescribing trends within age strata not directly addressed by the suicide risk warnings were also consistent with those observed in the main analysis. Taken together, our results suggest that the 2004 release of public health advisory warnings about the risk of perinatal complications with antidepressants impacted antidepressant prescribing to pregnant women in Tennessee Medicaid.
Investigations of the effect of regulatory actions on antidepressant prescribing to pregnant women are important given how commonly antidepressants are used. Additionally, there exists natural tension between the increased recognition of the risks to mother and infant imposed by untreated gestational depression (including pre-eclampsia, preterm delivery, low birth weight, sudden infant death, developmental delay in Table 3 Relationship between release of U.S. FDA pregnancy warning and rates and trends of antidepressant prescribing (per 1,000 persons) offspring, post-partum depression, and maternal suicide) (Alder et al. 2007; Davalos et al. 2012; Lindahl et al. 2005; Milgrom et al. 2008 ), the primary indication for which antidepressant treatment would be considered during pregnancy, and lingering uncertainty regarding the balance of risks versus benefits of pre-partum antidepressant use (Payne and Meltzer-Brody 2009 ), making it difficult to evaluate the appropriateness of antidepressants during pregnancy (Kuehn 2009 ). Under these circumstances, patients and prescribers may place greater focus on the potential for adverse outcomes related to pharmacotherapy (Wisner et al. 2009b) , and may be more sensitive to regulatory actions that warn of potential risks to the neonate. Antidepressants are established treatment options for mood and anxiety disorders, and there is evidence that antidepressant use in pregnancy can reduce the risk of antenatal depressive relapses and post-partum depression (Cohen et al. 2006; Wisner et al. 2004) , although not all studies are in agreement (Yonkers et al. 2011) . It remains that case that the effectiveness of antidepressant treatment in the setting of pregnancy has received only limited investigation (Yonkers et al. 2009 ), and reports of adverse neonatal effects associated with fetal antidepressant exposure (Udechuku et al. 2010) , including potential risk of cardiovascular malformations (Wurst et al. 2010 ) and persistent pulmonary hypertension ('t Jong et al. 2012) , have raised increasing concerns about the reproductive safety of SSRIs and other antidepressants. While the absolute risk of cardiac malformations or other birth defects associated with fetal SSRI exposure is thought to be very small (Alwan et al. 2008; Louik et al. 2007; 't Jong et al. 2012) , uncertainty and dread regarding such outcomes may strongly influence the perception of risk among prescribers, patients, and their caregivers (Lyerly et al. 2007) .
In recognition of these difficulties, the 2004 FDA advisory acknowledged potential risks associated with discontinuing antidepressants during pregnancy, and did not recommend avoiding antidepressants in this population. This raised the possibility that the advisory warnings could have little impact on antidepressant prescribing rates during pregnancy. Wichman and colleagues (2008) documented increased SSRI prescribing in pregnancy from 1993 to 2004, consistent with our findings and other studies also documenting increases in antidepressant use in pregnant women in the last decade (Andrade et al. 2008; Bakker et al. 2008; Cooper et al. 2007 ). In contrast with our results, there was no subsequent decline in antidepressant prescribing after 2004 (Wichman et al. 2008) , suggesting that the regulatory warnings had modest impact on antidepressant use in the study population. These results could be considered broadly consistent with prior research showing that, in some cases, regulatory actions addressing potentially serious medication safety concerns had little impact on drug prescribing (Karpel et al. 2009; Ricci et al. 2009; Sclar et al. 2012) . However, the Wichman et al. (2008) study only included women enrolled at a single medical center. In a very large retrospective cohort study of pregnant women in the U.S.A. who were Medicaid enrollees in 47 states (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , 8.1 % were dispensed an antidepressant during pregnancy (Huybrechts et al. 2013) . No significant change in the rate of antidepressant prescribing was associated with regulatory warnings concerning first trimester risk of congenital malformations with paroxetine (December 2005) or SSRI exposure and the risk of persistent pulmonary hypertension of the newborn (July 2006). However, issuance of the first FDA advisory warning about paroxetine and the risk of suicidality in children and adolescents (June 2003) was associated with a significant decrease in SSRI use during pregnancy. The relationship between the June 2004 release of FDA public health advisory warnings about the risk of perinatal complications with SSRIs and other antidepressants and antidepressant prescribing during pregnancy was not a specific focus of this report.
Alternatively, the unclear balance between risks and benefits for antidepressants in pregnancy and the potentially severe and permanent nature of many adverse neonatal outcomes linked with in utero antidepressant exposure could all contribute to heightened anxiety about antenatal antidepressant treatment. Under this circumstance, regulatory warnings targeting antidepressants in pregnancy could be plausibly associated with rapid declines in antidepressant prescribing, even if they do not recommend specifically against their use. Accordingly, we observed declines in antidepressant prescribing during the early post-warning period that persisted until the end of the study period.
To our knowledge, this was one of the largest studies examining the effect of regulatory warnings about antidepressant safety during pregnancy on longitudinal antidepressant prescribing trends in pregnant women. Large, automated medical encounter databases such as the one used in this study are valuable data sources for retrospective studies of programs or policies that may affect medication use (Ray 1997) , particularly for relatively under-studied patient sub-groups such as pregnant women. The large cohort size allowed precise estimation of antidepressant prescribing in the non-stratified analyses. Database prescription records provided objective, detailed, and low-cost measures of drug exposure that are not subject to recall bias (Ray and Griffin 1989 ) and correspond well with patient self-report of medication use (Johnson and Vollmer 1991; Landry et al. 1988; West et al. 1995) . The interrupted time series design is considered the standard for evaluating policy changes that are unfeasible to investigate using randomized trials (Wagner et al. 2002) .
There are also limitations to consider. First, our cohort, although large, consisted of Tennessee Medicaid beneficiaries, which may limit the generalizability of our results. Second, we could not verify that the prescribed antidepressants were actually taken, which is less of a concern for this study given our focus on antidepressant prescribing, rather than medication use. Third, regulatory warnings about antidepressant-associated suicidal behavior could have influenced the estimated effect of the pregnancy warnings on antidepressant prescribing. We believe that such an effect would be small based on results of the sensitivity analyses, the relatively targeted effects of the FDA suicide warnings on children and adolescents (Olfson et al. 2008) , and the fact that the suicide warnings did not involve any concerns related specifically to pregnancy or neonatal outcomes. Nevertheless, effects of the pregnancy and suicide warnings could not be evaluated separately. Fourth, we used a single-arm time series design that used the level and trend of the pre-warning segment as a non-concurrent control for the postwarning segment. Although single-arm interrupted time series are considered methodologically acceptable for investigating the effects of regulatory actions (Wagner et al. 2002) , we cannot be certain that extrapolation of pre-intervention trend accurately represents the counterfactual rate of antidepressant prescribing had the regulatory warnings never occurred. Finally, we did not quantify antidepressant prescribing in specific patient subgroups (e.g., new antidepressant users), or by therapeutic indication, prescriber specialty, or disease severity. We did not restrict our cohort to women with diagnosed depression based on antidepressant prescriptions and ICD-9 diagnosis codes because antidepressants are often used for indications other than unipolar depressive disorders, and ICD-9 codes indicating a clinical diagnosis of depressive disorders were not validated against a diagnostic gold standard.
Conclusions
In a large cohort of pregnant women, antidepressant prescribing increased steadily between 1995 and early 2004. The late 2004 release of public health advisories about antidepressantassociated risk of perinatal complications in the U.S.A. and Canada was associated with steady decreases in antidepressant prescribing that persisted until the end of the study period. These results suggest that the advisory warnings were impactful on prescribing of antidepressants to pregnant women in our cohort.
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